
www.afm-journal.de

2105369 (1 of 8) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Photodoping and Fast Charge Extraction in Ionic Carbon 
Nitride Photoanodes

Christiane Adler, Shababa Selim, Igor Krivtsov, Chunyu Li, Dariusz Mitoraj, 
Benjamin Dietzek, James R. Durrant,* and Radim Beranek*

Ionic carbon nitrides based on poly(heptazine imides) (PHI) represent a 
vigorously studied class of materials with possible applications in photo-
catalysis and energy storage. Herein, for the first time, the photogenerated 
charge dynamics in highly stable and binder-free PHI photoanodes using in 
operando transient photocurrents and spectroelectrochemical photoinduced 
absorption measurements is studied. It is discovered that light-induced accu-
mulation of long-lived trapped electrons within the PHI film leads to effective 
photodoping of the PHI film, resulting in a significant improvement of photo-
current response due to more efficient electron transport. While photodoping 
is previously reported for various semiconductors, it has not been shown 
before for carbon nitride materials. Furthermore, it is found that the extrac-
tion kinetics of untrapped electrons are remarkably fast in these PHI photoan-
odes, with electron extraction times (ms) comparable to those measured for 
commonly employed metal oxide semiconductors. These results shed light 
on the excellent performance of PHI photoanodes in alcohol photoreforming, 
including very negative photocurrent onset, outstanding fill factor, and the 
possibility to operate under zero-bias conditions. More generally, the here 
reported photodoping effect and fast electron extraction in PHI photoanodes 
establish a strong rationale for the use of PHI films in various applications, 
such as bias-free photoelectrochemistry or photobatteries.
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highly stable polymeric photocatalysts, 
with potential applications in light-driven 
hydrogen production, selective oxidations 
of organic substrates, and other useful 
chemical transformations.[1] The funda-
mental photophysical properties and pro-
cesses (photoexcitation, recombination, 
charge separation, photoluminescence) 
that govern the performance of PCN-
based photocatalysts have been intensely 
studied,[2] revealing many aspects related 
to the electron transfer within and 
between different PCN units,[2f ] charge 
separation,[2a,b] and recombination[2c] pro-
cesses, in addition to providing insight 
into the hole transfer to electron donors.[2e]

Recently, there has been increasing 
interest in poly(heptazine imide) (PHI)-
based materials, a class of (semi)crystal-
line ionic PCNs comprising stacks of 
2D heptazine-based networks and alkali 
metal cations and/or protons.[1a,3] Com-
pared to conventional PCN materials, the 
PHI photocatalysts often exhibited higher 
photocatalytic activity owing to their sur-
face functional (e.g., cyanamide) groups 
and thus improved dispersibility.[1a,3,4] 

Moreover, it has been demonstrated that the photogenerated 
electrons trapped within PHI materials can be effectively 
accumulated and stored,[2h,5] in order to be later utilized, for 
example, for hydrogen evolution in the dark upon addition 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202105369.

1. Introduction

Polymeric carbon nitride (PCN) materials represent one of 
the most vigorously studied classes of low-cost, tunable, and 
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of a cocatalyst,[6] or in solar batteries.[5b] While some studies 
have suggested that structural defects (e.g., cyanamide moie-
ties) can be beneficial for photocatalytic activity,[2g,i,4b,6b] the 
presence of deep electron traps and resulting electron accu-
mulation and faster recombination have been typically identi-
fied as the principal bottleneck in efficient operation of both 
PHI-based and conventional PCN photocatalysts.[2c,d,g,h]

Most research to date on the fundamental photophysics of 
PCN-based materials has been carried out using powder sus-
pensions, since the fabrication of stable PCN-based photoelec-
trodes is very challenging, mainly due to the poor adhesion 
of PCN to conductive substrates[5b,7] and the poor conduc-
tivity of PCN films, hindering efficient charge extraction into 
the external circuit.[8] Therefore, the very scarce spectroscopic 
studies of conventional PCN photoelectrodes have been typi-
cally carried out using binders such as Nafion or TiO2 electron-
transport layers,[2a,9] which can complicate understanding of the 
observed behavior. To the best of our knowledge, there are no 
reports available on fundamental photophysical properties of 
photoelectrodes based on ionic carbon nitrides (PHI).

We have recently reported a novel method for fabrication 
of thin, binder-free (≈400–500  nm) PHI photoanodes exhib-
iting excellent long-term mechanical and photoelectrochem-
ical stability.[10] The synthetic process capitalizes on the use 
of small (≈10  nm) nanoparticles of alkali metal-containing 
poly(heptazine imide) (K,Na-PHI),[4a] which are fully soluble 
in water and enable an easy sol–gel processing, yielding highly 
stable PHI films on various substrates including FTO.[10] Our 
PHI photoanodes exhibited selective (≈100% Faradaic effi-
ciency) photoelectrocatalytic conversion of various alcohols, 
standing out, in particular, by their very low photocurrent onset 
potential and exceptionally high fill factor, thus permitting 
effective photoreforming of alcohols to hydrogen even without 
any applied electric bias.[10]

Herein, we provide, for the first time, in operando inves-
tigations of photoelectrochemical processes in the highly 
stable, binder-free PHI photoanodes. We employ transient 
photocurrent (TPC) and spectroelectrochemical photoinduced 

absorption spectroscopy measurements that enable us to 
directly observe photogenerated charge dynamics under oper-
ando conditions and correlate these with the concomitantly 
measured photocurrent. This allows us to observe the impact 
of charge accumulation within our PHI photoanodes on photo-
current generation from methanol oxidation. We have previ-
ously employed these techniques to study photoelectrochemical 
processes in various metal oxide photoelectrodes.[11] Interest-
ingly, we find that the excellent performance of the PHI photo-
anodes originates, at least in part, from fast electron extraction 
on a timescale similar to that observed for commonly employed 
inorganic photoanodes (TiO2, WO3, BiVO4). Furthermore, our 
findings suggest that extensive electron trapping and accumu-
lation results in effective photodoping in PHI photoanodes, 
which leads to enhanced electron transport, improving thus 
the photoelectrocatalytic activity. While photodoping effects 
upon light-induced electron accumulation have been previ-
ously reported for various inorganic[12] and organic semicon-
ductors,[13] we demonstrate for the first time that photodoping 
can be operative also in photoelectrodes based on ionic carbon 
nitrides.

2. Results and Discussion

The sol–gel processing of water-soluble K,Na-PHI yields thin 
(≈400–500  nm) and porous PHI films on FTO glass that are 
easily permeable by the electrolyte. The structural, optical, and 
photoelectrochemical properties of our porous PHI photoan-
odes (PHI-DB/S450) were reported in detail by Adler et  al.[10] 
While the PHI photoanodes did not oxidize water, the photo-
currents during oxidation of alcohols, such as methanol, were 
among the highest observed for PCN-based photoanodes. This 
is exemplified in Figure 1a, which also shows the exceptionally 
high fill factor of the J–V curve, across a wide potential range. 
This feature is reminiscent of the behavior of mesoporous 
inorganic photoanodes, such as TiO2.[14] In addition, the PHI 
photoanodes outperform all PCN-based photoanodes and even 

Figure 1. Photoelectrochemical characteristics of PHI carbon nitride photoanodes for methanol oxidation. a) LSV curves (scanned in cathodic direction 
with a sweep-rate of 5 mV s−1) of PHI-DB/S450 in 0.1 m Na2SO4 with 10 v% methanol (pH 7.0) upon on/off illumination (2 sun, 5 s light/5 s dark) from 
back side. b) Bias-free photoreforming of methanol: photocurrent (black) and H2 evolution (red) detected by the GC-BID for PHI-DB/S450 in a two-
electrode setup (0 V vs Pt counter electrode; 1 sun illumination; 0.1 m Na2SO4 with 10% v/v methanol; for this experiment the pH was adjusted with 
H2SO4 to pH 2 in order to decrease the ohmic drop in the electrolyte). c) Photocurrent transients measured of PHI-DB/S450 in 0.1 m Na2SO4 + 10 v%  
methanol at 1.1 V versus RHE without (black), with 3 min (amber) or 10 min (blue) preillumination directly before measurement. Excitation with 365 nm 
LED (5 mW cm−2) for 5 s and dark for 45 s.
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most inorganic semiconductors in terms of the very negative 
photocurrent onset potential (below 0  V vs RHE). This allows 
for effective photoreforming of methanol to hydrogen even 
under bias-free conditions (Figure 1b), which is—to the best of 
our knowledge—unprecedented behavior for any “soft matter” 
photoanodes based on organic polymers. Note that bias-free 
photoreforming of methanol to hydrogen and formaldehyde 
is thermodynamically an endergonic ( 298KGr∆ �  = +63.7 kJ mol−1) 
reaction,[15] hence nominally a truly photosynthetic conver-
sion.[16] In addition, the absence of the photocurrent spikes 
which are a typical fingerprint of (sub)surface recombination[17] 
in the linear sweep voltammogram (LSV) of the PHI-DB/S450 
film even at potentials down to 0 V versus RHE indicates the 
negligible surface recombination losses at the PHI–electrolyte 
interface (Figure 1a).[11a,18]

Photocurrent transients measured for the PHI photoanodes 
when illuminated by an LED pulse for 5 s (365 nm LED, 5 mW cm−2)  
allow us to study the effect of the preillumination on the 
observed photocurrents for methanol oxidation, as shown in 
Figure  1c. We do this by preilluminating the sample under 
applied potential (1.1 V vs RHE) with continuous LED irradia-
tion (also 365  nm, 5  mW cm−2) in the presence of methanol, 
prior to measuring the photocurrent transient with the LED 
pulse. From Figure 1c, we observe that preillumination not only 
leads to a direct enhancement in the obtained photocurrents, 
but also affects the speed of saturation of the photocurrent. 
Photocurrent saturation (plateau) implies that the system has 
reached steady-state conditions, whereby the surface concentra-
tion of photogenerated holes is not changing and the flux of 
photogenerated holes into the surface is balanced by the flux of 
holes across the interface contributing to the photocurrent (i.e., 
rate of methanol oxidation) and by the flux of holes due to (sur-
face or subsurface) recombination. We point out that the so-
called photocurrent doubling effect can be ruled out in our case 
since the half-wave oxidation potential of hydroxymethyl radical 
(the product of one-electron oxidation of methanol) is ≈−0.32 V 
versus RHE, which makes the injection of an electron from the 

radical to the conduction band edge of PHI-DB/S450 (−0.63 V vs 
RHE) rather unlikely.[10] Our pulsed LED-induced photocurrent 
transients (Figure  1c) suggest that a preillumination time of 
≈10 min is sufficient for the system to reach optimum perfor-
mance. This was further confirmed from measurement of the 
photocurrents during preillumination using chronoamperom-
etry (Figure S1, Supporting Information), where we can observe 
that the photocurrent continues to increase and plateaus within 
a period of 7–10 min of preillumination. Intriguingly, the slow 
rise of the photocurrent transient without preillumination 
(Figure 1c, black trace), most likely related to the typically poor 
intrinsic conductivity of PCN materials, accelerates significantly 
with prolonged preillumination of the system (Figure  1c, blue 
trace). This behavior has some similarity to photodoping effects 
reported previously for various inorganic[12] and organic[13] sem-
iconductors, as we discuss further later.

Next, we employ photoinduced absorption (PIA) spectros-
copy as an operando probe of accumulation of charges in our 
PHI photoanodes under the same pulsed LED irradiation 
employed for the photocurrent transients shown in Figure  1c, 
with/without preillumination. The PIA spectra of our PHI photo-
anodes shown in Figure 2a present a relatively broad spectral 
feature across the visible region probed herein (460–800  nm), 
with a maximum at ≈600 nm when recorded without any pre-
illumination (black trace). No change in the magnitude of the 
optical signals is observed when illuminating with a higher 
light intensity LED pulse (green trace, 10  mW cm−2). The dif-
ferential optical density signal diminishes significantly upon 
preillumination (blue trace) leaving a flat featureless spectrum 
across the probed region. Furthermore, the loss of the optical 
signal in the absence of methanol (red trace), which effectively 
scavenges the photogenerated holes at the surface,[2e] indi-
cates that the observed signals are likely to be related to photo-
generated electrons.

Figure  2b plots the kinetics of the PIA signal at 650  nm 
induced by pulsed LED irradiation without preillumination, 
with/without methanol. When the LED pulse is turned off, 

Figure 2. Spectroelectrochemical characteristics of PHI carbon nitride photoanodes with and without preillumination. a) Comparison of PIA spectra 
with 365 nm LED excitation (5 mW cm−2 (black) and 10 mW cm−2 (green)) without any preillumination, and with a 10 min preillumination (blue), 
measured in 0.1 m Na2SO4 with 10 v% MeOH. Spectrum obtained without preillumination in absence of any MeOH is also shown (red). b) PIA optical 
trace and decay monitored at λ = 650 nm for PHI-DB/S450 photoanodes in absence of any preillumination, when excited with 365 nm LED (5 mw cm–2  
(black) and 10 mW cm–2 (green) in 0.1 m Na2SO4, with 10 v% MeOH. Analogous measurement in absence of any MeOH is also shown (red). The 
samples were excited with an LED pulse for 5 s and subsequently left in the dark for 45 s during the measurement. c) PIA of PHI-DB/S450 in 0.1 m 
Na2SO4 + 10 v% MeOH without (black), with 3 min (amber) or 10 min (blue) preillumination directly before measurement at 650 nm. Excitation with 
365 nm LED (5 mW cm−2) for 5 s and left in dark for 45 s. All measurements were obtained at 1.1 V versus RHE.
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the PIA signal decays very slowly in the presence of methanol 
(t50%  ≈ 20–30 s). A faster decay of the PIA signal is observed 
in the absence of methanol, attributed to the absence of 
methanol resulting in unreacted photogenerated holes recom-
bining with accumulated electrons, and further supporting 
our assignment of the PIA signal to electrons. In contrast to 
these slow PIA decays, the concomitant transient photocurrent 
measurements (Figure  1c) show a rapid drop in the photo-
current to zero when the LED is switched off. The slow nature 
of the optical signal decay, consistent with previous reports of 
carbon nitrides,[2c,d,h,5b,6b] indicates this signal originates pri-
marily from relatively immobile and therefore deeply trapped, 
electrons. Furthermore, consistent with the J–V characteristics 
(Figure 1a), the magnitude of the optical signal and the photo-
currents in the absence of preillumination are observed to be 
largely independent of the applied bias (Figure S2, Supporting 
Information). This is in agreement with the very good fill factor 
of our PHI films indicating that the applied potential has only a 
minor effect on the charge accumulation and extraction proper-
ties of the photoanode (Figure 1a).

We now employ PIA to investigate the effect of preillumina-
tion on the accumulation of photogenerated electrons, shown 
in Figure  2c. Upon preillumination, there is a considerable 
loss in the magnitude of PIA signal at 650 nm, combined with 
an acceleration of its decay kinetics. In addition, as shown in 
Figure S3 of the Supporting Information, increasing the light 
intensity from 5  to 10  mW cm−2 for both the preillumination 
steps and the subsequent PIA/photocurrent transients results 
in the following effects: i) an increase in the photocurrent den-
sity, ii) earlier stabilization of the photocurrent density within 
3 min of preillumination (vs ≈10 min for 5  mW cm−2), cor-
related with iii) a concomitant earlier decrease in the optical 
signal (by 3 min). Critically, the magnitude of the PIA signal 
without preillumination (assigned above to photoinduced 
trapped electrons) is also found to be unaffected by the light 
intensity (Figure  2b; Figure S3, Supporting Information). We 
propose that this behavior is related to the gradual filling of 
trap states by photogenerated electrons during illumination, 
resulting in significant electron accumulation within the film. 
Further, the data also indicates the requirement for a critical 
threshold of electron accumulation that leads to optimal per-
formance in this system. We assume that the observed electron 
accumulation corresponds to the formation of PHI•− anion 
radicals known to occur in ionic PHI-type materials.[2c,h,3a,5,6b]  
These accumulated electrons are only slowly scavenged 
by oxygen in the dark,[2h] and exhibit long carrier lifetimes  
(>30 s, Figure 2b,c) when surface holes have been scavenged by 
methanol, highlighting the unreactive nature of these trapped 
charges (Figure  2a,b). Such PHI•− anion radicals can also be 
generated electrochemically[5b] by applying a negative potential 
to the PHI electrode. Indeed, one can observe that at the poten-
tial range of −0.4 to −0.9  V versus RHE the transmittance of 
the film at 650 nm is decreased, corroborating the assumption 
that the absorbance increase in the visible range observed in 
the PIA experiments is due to reduced PHI species (Figure S4, 
Supporting Information). On the other hand, it was previously 
reported that accumulated electrons in ionic PCNs can be uti-
lized for hydrogen evolution in the presence of a cocatalyst.[2g,6] 
The fact that electron trapping and accumulation in our PHI 

photoanodes does not impair but rather improves their photo-
electrocatalytic performance is rather intriguing, especially in 
view of previous reports on the detrimental effects of electron 
trapping on the performance of PCN-based photocatalysts.[2c,d,g] 
For example, our previous spectroscopic investigations of ionic-
type PCN in form of particle suspensions have demonstrated 
accelerated recombination upon accumulation of long-lived, 
trapped electrons.[2c] In order to investigate this further, we 
applied nanosecond-transient absorption (ns-TA) spectroscopy 
under bias-free conditions to investigate the charge kinetics of 
the PHI-DB/S450 films on a timescale of 50 ns to 5 µs in the 
presence of air, water, and methanol (see Note S1, Supporting 
Information). We observe a faster decay of the optical signal 
in the presence of methanol, consistent with enhanced recom-
bination resulting from more electrons accumulation in the 
material in the presence of effective hole scavenger (Figure S5, 
Supporting Information), in line with our previous results.[2c] 
However, such negative effects of electron accumulation in 
our PHI-DB/S450 photoanodes are clearly outbalanced by the  
positive effect of trap passivation, as evidenced by enhanced 
photocurrent generation (Figure  1c), which is superior to that 
typically encountered in conventional (non-ionic) PCN mate-
rials. In this context, we speculate that, due to the distinct nature 
of the ionic PHI-based materials and the highly porous nature 
of our PHI-DB/S450 photoanodes[10] (as compared to a dense 
analogue that shows much lower photocurrents, Figure S6,  
Supporting Information), the negative charge of the accumu-
lated trapped electrons in the PHI photoanodes can be effec-
tively screened by cations (K+, Na+, H+) from the film and 
from the solution, which may at least partially eliminate the 
detrimental effects of charge accumulation. We find that elec-
tron accumulation during preillumination is reversible, shown 
in Figure S7 of the Supporting Information. The loss in the 
optical signal (i.e., due to electron accumulation) resulting from 
repeated preillumination cycles (blue trace) is recovered to the 
initial optical trace observed prior to any preillumination when 
the sample has been left in the dark over a period of 24 h (black 
trace). This reversible behavior demonstrates that our photo-
anodes are not suffering oxidation or degradation. Rather, the 
loss in the optical signal and the concomitant increase in the 
photocurrent is attributed to the filling of trap states with long-
lived unreactive charge carriers.

Our results indicate that long lived electron accumulation in 
our PHI photoanodes is correlated with a significant increase of 
the overall photocurrent, assigned to trap filling. This beneficial 
effect of electron accumulation can be understood as resulting 
from an effective photodoping of the PHI film, an effect that 
has been observed for a range of inorganic[12] and organic[13] 
semiconductors, however not reported previously for PCN 
materials. The photodoping during preillumination effectively 
fills/passivates deep electron traps and improves the charge 
transport through the film, as is also indicated by significantly 
lower impedance of the electrode upon illumination (Figure 
S8, Supporting Information). In relatively disordered organic 
materials like our PHI films, the electron transport mechanism 
can be typically understood in terms of a thermally activated 
hopping of electrons that are relatively localized in shallow 
trap states.[19] Upon effective filling of deep trap states during 
preillumination (i.e., by photodoping), the electron trapping 
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is avoided and the electron transport through the PHI film is 
effectively enhanced (Scheme  1b,c), as we investigate in more 
detail below. From the chemical point of view, the transforma-
tions which the PHI film undergoes upon photodoping can be 
well rationalized considering the charge-stabilizing effect of its 
surface functional groups (Figure S9, Supporting Information). 
The role of the cyanamide moieties in the stabilization of the 
PHI•− is well established.[2c,5a,6b] Therefore, we hypothesize that 
initially upon irradiation in the presence of an electron donor 
(MeOH) the formed PHI•− anion radical is delocalized over 
the heptazine units (Figure S9(1),(2), Supporting Information). 
The stability of the radical is ensured by the negative charge 
on the deprotonated cyanamide species, which impedes its fast 
discharge. The coupled effect of the accumulated electrons and 
protons abstracted from MeOH leads to the formation of the 

reduced form of the terminal PHI heptazine moieties followed 
by the rearrangement of the conjugation in the system and 
resulting in neutralization of the negative charge on the cyana-
mide species (Figure S9(3), Supporting Information). Thus, the 
PHI film reaches the photodoped state in which the transport 
of the negative charge is improved. The return of the PHI film 
from the photodoped to the initial non-photodoped state might 
be accomplished, for example, via its gradual reaction with 
atmospheric O2 in the dark leading to the conjugation change 
and stabilization of the negative charge on the cyanamide 
group (Figure S9(4), Supporting Information). Furthermore, we 
assume that also cyamelurate groups bearing a deprotonated 
CO− function that are also present in our PHI material[4a] may 
act in a similar manner to the cyanamide moieties in the stabi-
lization of the PHI•− anion radicals.

Scheme 1. Schematic illustration of processes governing the photocurrent generation in porous PHI films. a) The accumulation of long-lived  
(>30 s) electrons in trap states occurs within s-mins and leads to effective photodoping of the PHI film, which enables very fast (≈0.4 ms) electron 
extraction from the PHI film into the FTO electrode and improves significantly the photocurrent response. EVB, ECB, *EFn, and *EFp stand for the valence 
band edge, the conduction band edge, and the quasi-Fermi level of electrons and holes under illumination, respectively, and have been determined 
previously.[10] The effect of photodoping on the electron transport through the PHI film. b) In the absence of photodoping, a significant proportion of 
photogenerated electrons undergo deep charge trapping, impeding the efficiency and kinetics of electron extraction to the external circuit. c) In the 
presence of photodoping resulting in the filling/passivation of trap states, electron extraction becomes more efficient. All recombination pathways are 
omitted for the sake of clarity.

Adv. Funct. Mater. 2021, 31, 2105369



www.afm-journal.dewww.advancedsciencenews.com

2105369 (6 of 8) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

We now turn to the electron extraction kinetics of our PHI photo-
anodes using TPC measurements employing short pulse (ns) 
laser photoexcitation (Figure 3). We compare the charge extrac-
tion transients of our porous PHI photoanode (PHI-DB/S450)  
with a dense (i.e., nonporous) analogue (PHI-DB/H400).[10] 
The dense film, although having similar thicknesses (≈400–
500  nm) and nearly the same intrinsic structural and phys-
icochemical properties as PHI-DB/S450, has much lower 
photoelectrocatalytic activity and did not show any notable 
effect of preillumination (Figure S6, Supporting Informa-
tion), attributed to its lower surface area and correspond-
ingly lower ability to accumulate charges.[10] The timescale of 
the TPC maxima (Figure  3a), which represents the highest 
rate of electron extraction, are ≈0.4  ms for porous (PHI-DB/
S450) and ≈0.2  ms for dense (PHI-DB/H400) photoanodes. 
The faster electron extraction times observed for dense com-
pared to porous PHI films is consistent with the different 
morphologies of the samples, since the electrons in the dense 
film are extracted via direct path to the back contact, whereas 
the effective pathlength to the back contact is longer in the 
porous PHI layer. As these TPC transients employ relatively 
intense laser pulses (300 μJ cm−2, 0.8  Hz repetition rate), it 
is likely they induce significant trap filling/photodoping. This 
supposition is supported by the only minor dependence of the 
TPC kinetics with and without background light bias (LED, 
5  mW cm−2), shown in Figure S10 of the Supporting Infor-
mation. The integrated current densities obtained from these 
TPC measurements show a much higher yield of total charge 
extracted for the porous photoelectrode in comparison to the 
dense analogue (Figure 3b), consistent with the corresponding 
steady-state J–V performance (Figure S6, Supporting Informa-
tion). This is attributed to more efficient methanol oxidation 
by photogenerated holes due to the higher active surface area 
of the porous film. The half-time for charge extraction (t50% 
rise time in Figure  3b) for the dense (PHI-DB/H400) film is 
1 ms, which is faster than 4 ms observed for the porous one 

(dot line, Figure 3b), attributed to the differences in film mor-
phology discussed above. Interestingly, the charge extraction 
time is very similar for back or front side irradiation for both 
samples (Figure S11, Supporting Information), which can be 
explained by the large optical penetration depth of the laser 
beam (≈250 and 350 nm for PHI-DB/S450 and PHI-DB/H400, 
respectively).[10] Remarkably, the timescale (ms) of electron 
extraction for our PHI photoelectrodes is on the same order of 
magnitude as bismuth vanadate (BiVO4) photoanodes of com-
parable thickness,[20] one of the best-performing metal oxide 
photoanode materials for water oxidation to date.

A schematic representation of electron dynamics within the 
porous PHI film is shown in Scheme 1. From the data herein, 
it is apparent that the PHI films exhibit significant trapping 
of photogenerated electrons in deep trap states, giving rise to 
long-lived (≈30 s) trapped electrons. Under prolonged (>1 s) 
irradiation, these trap states become filled with electrons. This 
results in passivation of these trap states, effectively photo-
doping the material and improving the efficiency of electron 
extraction to the external circuit and enhancing photoelectro-
chemical performance. This photodoping at least partially miti-
gates the negative impact of the presence of deep trap states 
in these photoanodes. Remarkably fast (ms) electron extraction 
kinetics are observed for such a disordered material, assigned 
to electrons which avoid deep trapping, and consistent with the 
excellent fill factor of the PHI photoanodes (Figure 1a). On the 
other hand, without any effective hole scavenger, such as the 
methanol employed herein, recombination of trapped electrons 
and VB holes occurs on the seconds timescale (see Figure 2b, 
red trace), preventing significant water oxidation and resulting 
in negligible photocurrent densities in the absence of methanol 
(Figure S12, Supporting Information). Enhancing the kinetics 
and efficiency of water oxidation by, for example, deposition 
of cocatalysts[21] would be essential to extend the use of PHI 
photoanodes from photoelectrocatalytic alcohol conversions to 
overall water splitting.

Figure 3. Charge extraction characteristics of PHI carbon nitride photoanodes. a) Transient photocurrents (TPC) and b) integrated TPCs showing the 
total charges extracted from porous PHI-DB/S450 (black) and dense PHI-DB/H400 (red) photoanodes in 0.1 m Na2SO4 + 10 v% MeOH. The samples 
were excited from the back with a 355 nm pulsed laser (7 ns pulse width, excitation density of 300 µJ cm−2) at 1.1 V versus RHE. For comparison with 
typical metal oxides, TPC (right axis) for a dense BiVO4 photoelectrode (of thickness 400–250 nm) in 0.1 m KP buffer for front side excitation with a 
355 nm pulsed laser at 1.23 V versus RHE is shown.
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3. Conclusion

We have studied, for the first time, the photogenerated 
charge dynamics in stable and binder-free ionic (PHI) carbon 
nitride photoanodes using TPCs and in operando spectro-
electrochemical PIA measurements. Consistent with previous 
reports,[2c,d,g,h] we observe prolonged irradiation results in 
electron accumulation in long-lived trap states within the PHI 
film during illumination. While it is well-established that the 
electrons trapped in PHI can be utilized for subsequent redox 
transformations,[2h,5] we demonstrate, for the first time, that 
the electrons accumulated in the PHI film during illumination 
passivate deep trap states and thus also effectively photodope 
the PHI film. This photodoping effect leads to a significant 
improvement of photocurrent response due to more efficient 
electron transport. Recombination of trapped electrons with 
photogenerated holes is suppressed when the hole transfer 
reaction is fast (e.g., in methanol oxidation). By contrast, the 
slower and kinetically more challenging hole reactions (e.g., 
water oxidation) are outcompeted by recombination. While 
photodoping has been previously reported for various inor-
ganic[12] and organic materials,[13] the here reported beneficial 
photodoping effect has not been shown before for polymeric 
carbon nitrides. Moreover, we demonstrate that electrons 
which avoid deep trapping in these PHI photoanodes exhibit 
fast (ms) extraction kinetics, with electron extraction times 
comparable to those measured for commonly employed metal 
oxide semiconductors (e.g., TiO2, WO3, BiVO4). These results 
shed light on the excellent performance of PHI photoanodes in 
alcohol photoreforming, including very negative photocurrent 
onset, outstanding fill factor, and the possibility to carry out 
photoreforming under zero-bias conditions.[10] More generally, 
the here reported photodoping effect and fast electron extrac-
tion in PHI photoanodes represent yet another intriguing 
property of the ionic (PHI-based) carbon nitride materials, 
and establish a strong rationale for the use of PHI films in 
various applications, such as bias-free photoelectrochemistry 
or photobatteries.[5b,c]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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